L  Trace  Analysis  of  NO/NO2 

Mixtures  by  Laser  Photofragmentation/ 
Fragment  Photoionization  Spectrometry 
at  Visible  Wavelengtiis 

by  R.  C.  Sausa 
and  J.  B.  Simeonsson 

ARl^TR-1857 


December  1998 


Approved  for  public  release;  distribution  is  unlimited. 


JWOIU  027 


The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Anny  position  unless  so  designated  by  other 
authorized  documents. 

Citation  of  manufacturer’s  or  trade  names  does  not  constitute  an 
official  endorsement  or  approval  of  the  use  thereof. 

Destroy  this  report  when  it  is  no  longer  needed.  Do  not  return 
it  to  the  originator. 


Army  Research  Laboratory 

Aberdeen  Proving  Ground,  MD  21005-5066 


ARL-TR-1857  December  1998 


1.  Trace  Analysis  of  NO/NO2  Mixtures  by 
Laser  Photoffagmentation/Fragment 
Photoionization  Spectrometry  at  Visible 
Wavelengths 


R.  C.  Sausa 

Weapons  and  Materials  Research  Directorate,  ARL 

J.  B.  Simeonsson 

Department  of  Chemistry,  University  of  Iowa 


Approved  for  public  release;  distribution  is  unlimited. 


Abstract 


Trace  concentrations  of  NO  and  NO2  molecules  are  differentiated  spectrally  using  a  visible 
dye  laser  and  a  simple  flow  cell  with  a  pair  of  miniature  electrodes  for  ion  detection.  NO  is 
detected  near  452  nm  by  (2+2)  resonance-enhanced  multiphoton  ionization  via  its  -  X^n 
(0,0)  transitions,  while  NO2  is  detected  by  laser  photofragmentation  with  subsequent  fragment 
NO  ionization  via  the  -  X^n  (0,0)  and  (1,1)  transitions.  Spectral  differentiation  is  possible 
since  the  internal  energy  of  the  NO  photofragment  differs  from  that  of  “ambient”  NO. 
Measurement  of  vibrationally  excited  NO  via  its  A^S*  -  X^n  (0,3)  band  is  also  demonstrated  at 
517  nm.  Rotationally  resolved  spectra  of  NO  and  fragment  NO  are  analyzed  using  a 
multiparameter  computer  program  based  on  two-photon  energy-level  expressions  and  line 
strengths  for  A^S"^  -  X^n  transitions.  Boltzmann  analysis  of  the  Pj2  +  O22  branch  of  the  (0,0) 
band  reveals  that  the  rotational  temperature  of  fragment  NO  is  approximately  500  K  compared 
to  room  temperature  NO.  Limits  of  detection  (S/N  =  3)  of  NO  and  NO2  are  in  the  20-40-ppbv 
range  at  449.2, 450.7,  and  452.6  nm  for  a  10-s  integration  time.  The  limit  of  detection  of  NOj 
at  517.5  nm  is  75  ppbv.  The  analytical  utility  of  the  technique  for  ambient  air  analysis  is 
evaluated  and  discussed. 
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1.  Introduction 


The  development  and  application  of  laser-based  methods  for  detecting  various  nitrogen  oxides 
continues  to  be  an  area  of  active  interest  [1-10].  Recently,  we  reported  the  development  of  a 
laser-based  photoffagmentation/photoionization  (PF/PI)  spectrometry  technique  that  is  useful  for 
detecting  parts-per-billion  (ppb)  levels  of  NOj  and  other  nitrogen  oxides  in  ambient  air  [4].  This 
technique  is  simple  to  implement  since  it  (1)  employs  a  single  tunable  laser  soince  operating  near 
226  nm  to  photofiragment  the  analyte  molecule  and  also  excite  the  characteristic  NO  photoffagment 
via  its  (0,0)  band;  (2)  requires  only  modest  laser  pulse  energies,  approximately  10  p  J; 

(3)  employs  a  total  (nonselective)  ion  detection  approach  that  utilizes  two  miniature  stainless  steel 
plate  electrodes;  and  (4)  can  perform  measurements  at  relatively  high  pressures  (50-760  Torr), 
minimizing  the  need  for  high  vacuum. 

The  PF/PI  method  was  previously  demonstrated  to  have  simultaneously  high  sensitivity  and 
selectivity  for  several  nitrogen  oxide  compounds  using  laser  excitation  a  226  nm  [4].  However,  as 
implemented,  only  the  total  NO  content  of  a  given  sample  was  measured  since  the  different 
contributors  to  the  measured  NO*  signal  were  not  resolved.  The  ability  to  differentiate  between  NO 
and  NO2  is  often  desirable.  Thus,  it  is  of  interest  to  determine  whether  the  PF/PI  approach  can  be 
used  to  measure  trace  concentrations  of  NO2  in  the  presence  of  NO  by  probing  the  internal  energy 
distribution  of  “ambient”  NO  and  fragment  NO  generated  firom  the  photolysis  of  NO2.  Furthermore, 
it  is  of  interest  to  investigate  the  use  of  visible  laser  radiation  in  the  PF/PI  approach,  as  firequency 
doubling  the  laser  radiation  generally  increases  the  cost  and  complexity  of  the  laser  system.  The 
successful  utilization  of  a  visible  laser  source  would  greatly  enhance  the  applicability  of  the  PF/PI 
approach  and  make  it  accessible  to  a  wide  range  of  smaller  pulsed  laser  systems. 

In  our  previous  PF/PI  studies  we  employed  (1+1)  resonance-enhanced  multiphoton  ionization 
(REMPI)  by  accessing  the  NO  -  X^II  (0,0)  band  near  226  nm.  An  alternative  approach  is  to 
employ  a  (2+2)  REMPI  via  the  same  band  using  laser  excitation  near  452  nm.  Several  groups  have 
studied  NO  and  NOj  in  this  wavelength  region  [1 1-18].  Previous  studies  of  the  fragmentation  and 
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photoionization  dynamics  of  NO2  in  the  400-500-nm  range  have  indicated  the  potential  for  spectrally 
resolving  the  ionization  of  NO  and  NO^  [11].  Also,  (2+2)  REMPI  has  been  used  previously  to 
profile  parts-per-million  levels  of  NO  in  a  methane/air  flame  [12].  However,  the  analytical  utility 
of  a  (2+2)  REMPI  approach  has  not  been  investigated  for  measurements  of  these  species  under 
ambient  conditions. 

In  the  present  study,  we  investigate  the  analytical  merits  of  laser  fragmentation  and/or  ionization 
for  trace  NO  and  NOj  detection  and  spectral  discrimination  using  a  single-dye  laser  operating  near 
452  or  5 17  nm.  The  detection  of  NO  and  fragment  NO,  generated  from  the  photolysis  of  NO2,  is 
accomplished  by  a  (2+2)  REMPI  via  the  NO  ~  X^II  (0,0),  (1,1),  3iid  (0,3)  bands. 
Discrimination  is  accomplished  by  probing  the  vibrational  and  rotational  distribution  of  both  ambient 
and  fragment  NO.  The  technique  is  demonstrated  for  laboratory  air  analysis. 

2.  Experimental 

The  experimental  apparatus  has  been  described  previously  [4].  An  excimer-pumped  dye  laser 
system  with  second  harmonic  generator  (Lumonics,  HYPER  EX-400,  HYPER  DYE-300,  and 
HYPER  TRAK- 1000)  provided  up  to  10-mJ  pulses  at  452  nm.  Pulse  energies  of  10-15-ns  duration 
(fuel  width  half  maximum  [fwhm])  were  monitored  between  measurements  using  a  joulemeter 
(Molectron  Detector  Inc.,  J4-05).  The  pulse  energies  for  these  studies  were  nominally  1  mJ/pulse. 


The  photolysis/ionization  cell  consisted  of  a  six-arm  stainless  steel  cross  with  internal  arm 
diameters  of  3.6  cm.  Quartz  windows  mounted  on  opposing  arms  of  the  cell  provided  optical  access 
to  the  center  of  the  cell,  where  two  stainless  steel  planar  electrodes  served  as  ion/electron  detectors. 
The  laboratory  constructed  electrodes  were  each  approximately  1.5  cm^  in  area  and  separated  by 
0.63  cm.  Electrical  contact  to  the  electrodes  (used  for  biasing  and  signal  collection)  was 
accomplished  with  a  vacuum  feedthrough  flange  mounted  on  the  third  arm  of  the  cell.  Collection 
voltages  ranged  from  0  to  400  V.  Quartz  prisms  directed  the  laser  beam  to  a  50-mm  diameter 
suprasil  lens  (150-nmi  focal  length),  which  focused  the  beam  in  the  center  of  the  electrodes  to 
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optimize  ion/electron  collection.  The  lens  was  placed  external  to  the  cell.  The  beam  waist  in  the 
focal  region  was  estimated  to  be  90  pm  in  diameter,  resulting  in  a  maximum  intensity  of  10®  W/cm^. 
An  estimation  of  the  effective  volume  probed  by  the  laser  is  approximately  10'®  cm®  (equal  to  2-mm 
pathlength  and  6-cm®  x  10‘®-cm^  focal  area). 

The  signal  from  the  detection  electrodes  was  amplified  with  a  current  amplifier  (Keithley 427,  gain 
10®- 10’  V/A,  time  constant  0.01  ms)  that  was  connected  as  close  as  possible  to  the  collection 
electrodes  in  order  to  minimize  radio-frequency  pickup  along  the  signal  cable.  The  amplified  signal 
was  then  sampled  by  a  boxcar  averager  or  viewed  in  real  tune  on  a  125-MHz  digital  osciQoscope 
(LeCroy  9400).  The  boxcar  output  was  acquired  by  a  personal  computer  for  storage  and  subsequent 
data  analysis.  The  analytical  sensitivity  determinations  were  performed  at  a  laser  repetition  rate  of 
10  Hz,  with  100-shot  averaging  using  a  15-ps  boxcar  gate,  while  spectral  recording  was 
accomplished  using  10-shot  averaging  with  0.005-  or  O.OOl-nnVs  scan  rates. 

San^jles  were  prepared  by  serial  dilution  of  standard  gases  (NO  or  NO2  in  Nj  or  air)  with  pure 
buffer  gases  (zero  air  or  N2, 99.998%).  AU  gases  were  obtained  from  Matheson,  except  for  NO2  in 
air  (6.2  ppm),  which  was  obtained  from  Scott-Marrin.  Samples  were  flowed  at  approximately 
500  cm®/min  through  the  photolysis  ceU  to  prevent  buildup  of  photolysis  products.  The  photolysis 
cell  volume  was  estimated  to  be  350  cm®. 


3.  Results^iscussion 

3.1  Vibrational  Analysis.  The  following  equations  represent  the  processes  involved  in  NO  and 
NO2  detection  and  discrimination: 


2hv  2hv 

NO  X’n  (u"  =  0,  -  NO  A’S*  (u'  =  0,  J'i,w)  -  NO*  (X‘S*)  +  e,  (1) 

2(452  nm)  2(452  nm) 
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2hv 


predissociation 


NO2  X^A,  -  NO2  NOX^nCu"  =  0,l,J"high)  +  0(‘D),  (2) 

2(452  nm) 


and 


2hv  2hv 

NOX2n(i)"  =  0,l,JV  -  NOA2SMu'=0,1,JV  -  NO*(X’S0+e.  (3) 

2(452  nm)  2(452  nm) 

Equation  (1)  represents  the  (2+2)  REMPI  of  ambient  NO  at  452  nm  via  the  A^S*  intermediate  state. 
The  ionization  process  is  enhanced  since  the  energy  of  the  A^S*  -  X^II  (0,0)  transitions  are  resonant 
with  the  energy  of  two  quanta  of  452-nm  photons.  It  should  be  noted  that  the  ambient  NO 
Boltzmann  population  distribution  favors  the  u"  =  0  level  of  the  ground  electronic  state.  For  a 
temperature  of  298  K,  (u"  =  0/u"  =  1)  ~10^  Equations  (2)  and  (3)  reveal  the  laser  PF/FD  approach 
for  NO2  detection.  NO2  is  excited  in  the  B^B2  electronic  state  by  a  two-photon  process  at  452  nm. 
Subsequently,  NO2  predissociates  yielding  vibrationally  and  rotationally  excited  NO  and  0('D). 
Differentiation  of  NO  and  NO2  is  thus  possible  by  interrogating  the  electronic  ground-  state  vibrational 
and  rotational  distributions  of  both  ambient  and  fragment  NO.  It  should  be  noted  that  the  processes 
represented  by  equations  (2)  and  (3)  are  very  fast  and  occur  within  the  laser  pulse  duration, 
approximately  10-15  ns  (fwhm). 

Shown  in  Figure  1  (A  and  B)  are  (2+2)  REMPI  spectra  in  the  443-454-nm  region  of  fragment 
NO  generated  from  the  photolysis  of  NO2  and  ambient  NO,  respectively.  The  features  in  Figure  1 A 
correspond  to  mostly  NO  A^S*  -  X^II  (0,0)  and  (1,1)  transitions,  whUe  the  features  in  Figure  IB 
correspond  to  NO  A^S*  -  X^  (0,0)  transitions.  Morrison,  Rockney,  and  Grant  [1 1]  also  observed 
features  due  to  NO  A^S*  -  X^II  (0,0)  and  (1,1)  transitions  in  the  two-photon  collisionless 
dissociation  of  NOj  over  the  region  from  425-45 5  nm.  The  features  shown  in  Figure  1 A  near  444 nm 
are  due  to  (2,2)  transitions  of  the  NO  photofragment  and,  to  the  best  of  our  knowledge,  have  never 
been  reported.  As  the  threshold  for  two-photon  NO2  dissociation  at  444  nm  is  approximately  [19] 
41,000  cm"*,  there  is  sufficient  energy  to  leave  the  NO  photofragment  in  the  u"  =  2  energy  level  of 
the  ground  electronic  state.  By  contrast,  the  two-photon  dissociation  of  NO2  at  450  nm,  represented 
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ION  SIGNAL  (REL) 


by  equation  (2),  can  only  yield  NO  in  the  u"  =  1  state  since  it  is  the  highest  vibrational  state  that  is 
energetically  accessible.  Morrison,  Rockney,  and  Grant  [1 1]  did  not  observe  any  features  due  to  NO 
-  X^n  (2,2)  transitions,  probably  because  their  experiments  were  performed  at  low  pressures 
( 1  O'  ^  T orr)  in  a  collision-free  environment,  in  comparision  to  the  high-pressure  ( 1 00  T orr)  collisional 
environment  used  in  the  present  study. 

The  spectral  feature  near  449.2  ran  in  the  NOj  spectrum  is  attributed  to  the  O22  +  P12  branch  of 
the  NO  -  X^n  (1,1)  band  based  on  energy  and  similarity  with  the  O22  +  branch  of  the  (0,0) 
band.  This  feature  is  populated  as  a  result  of  the  photofragmentation  of  NO2,  but  is  not  observed  for 
NO  at  ambient  temperature.  Figure  2  shows  two  high-resolution  scans  around  449  nm  for  NO  and 
NO2  and  clearly  demonstrates  the  absence  of  these  features  for  ambient  NO.  This  wavelength  is  a 
good  candidate  for  monitoring  NO2  in  the  presence  of  NO,  as  ionization  transitions  in  this  region 
selectively  indicate  NO  ionization  that  occurs  as  a  result  of  NOj  photofragmentation. 

The  spectral  feature  near  450.7  nm  appears  to  be  unusually  strong  when  compared  to  other 
nearby  lines.  Although  the  vast  majority  of  transitions  in  this  spectral  region  occur  by  a  (2+2)  singly 
REMPI  process  where  the  second  photon  is  resonant  with  NO  A^S*  state,  photoionization  of  NO 
near  450.7  nm  is  believed  to  occur  by  a  double-resonance  process,  where  both  the  second  and  third 
photons  are  resonant  with  excited  states  of  NO.  The  overall  mechanism  is  therefore  described  as  a 
(2+1  +  1)  REMPI  process.  The  high  intensity  of  this  REMPI  transition  has  been  noted  previously 
[14-18]  and  is  attributed  to  a  double  resonance  effect  of  the  J"  =  1 1 1/2  line  in  the  S21  branch,  where 
the  third  photon  is  resonant  with  vibrational  excited  levels  in  the  BT[,  K^II,  and  L^II  states  [15].  A 
study  of  the  laser  intensity  dependence  at  this  wavelength  should  indicate  the  presence  of  a  double 
resonance  by  demonstrating  a  relatively  lower  order  dependence  on  the  laser  intensity. 

Shown  in  Figure  3  are  plots  of  power  dependence  of  the  ion  signal  as  a  function  of  the  incident 
laser  intensity  for  NO  and  NO2  at  450.7  and  452.6  nm  (J"  =  8  1/2,  P„  +  O21).  The  slopes  of  the  data 
at  452.6  and  450.7  nm  indicate  the  overall  order  of  the  photoionization  processes.  For  NO,  a  (2+2) 
process  (as  at  452.6  nm)  would  be  expected  to  show  a  dependence  near  4;  a  (2+1+1)  process  (as  at 
450.7  nm)  would  also  show  a  dependence  of  4.  However,  under  the  relatively  high  laser  intensities 
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Figure  2.  REMPI  Spectra  of  Ambient  NO  (--)  and  Fragment  NO  From  NO2  (- )  Near 449  nm  Recorded  at  100  Torr.  The  Features 
Correspond  to  O22  +  P12  Branch  Transistions  of  the  NO  -  X^n  (1,1)  Band.  Note  the  Absence  of  NO  Ionization  at 

the  Branch  Head. 


8 


that  are  typically  employed  for  multiphoton  measurements,  the  third  photon  absorption  is  likely  to 
be  saturated  or  partially  saturated.  Under  such  conditions,  a  (2+1  +1)  process  can  reasonably  be 
expected  to  show  a  dependence  of  3  or  less.  The  experimentally  observed  dependencies  are  3.5  at 
452.6  nm  and  2.5  at  450.7  nm,  respectively,  each  consistent  with  the  proposed  mechanisms  and 
current  experimental  conditions.  The  results  for  NOj  are  nearly  identical  to  those  of  NO  at  the  two 
wavelengths,  indicating  that  the  multiphoton  ionization  process  of  fragment  NO  rather  than  NO2 
photofragmentation  is  rate  limiting  at  the  laser  intensities  used  in  this  study. 

In  studies  of  the  photofragmentation  dynamics  of  NOj,  Morrison,  Rockney,  and  Grant  [11] 
observed  significant  fragmentation  and  ionization  throughout  the  region  from  430  to  520  nm.  Above 
500  nm,  they  observed  several  lines  that  were  attributed  to  the  direct  photoionization  of  NO2, 
including  one  at  511  nm,  which  was  particularly  strong.  On  the  basis  of  the  estimated  ionization 
potential  of  NO2,  the  threshold  for  four-photon  ionization  is  507.1  nm,  and  ionization  at  511  nm 
would  require  at  least  five  photons.  Since  NO  does  not  exhibit  significant  multiphoton  absorption 
in  this  spectral  region,  it  appeared  that  it  might  be  possible  to  selectively  detect  NO2*  ions  at  5 1 1  nm. 
Unfortunately,  our  atten^ts  at  detecting  this  feature  were  unsuccessful  It  should  be  noted,  however, 
that  our  measurement  conditions  were  significantly  different  from  those  of  Morrison,  Rockney,  and 
Grant  [11],  whose  ionization  measurements  of  NO2  were  performed  in  a  collisionless  environment. 

While  investigating  the  region  near  511  nm,  we  observed  an  unexpected  series  of  lines.  Shown 
in  Figine  4  is  a  PF/REMPI  spectrum  of  NO2  extending  from  513  to  521  ran.  The  band  head 
formation  and  energy  spacing  of  the  branches  bear  a  strong  resemblance  to  those  in  Figure  IB.  The 
rotational  structure  of  the  branches  is  also  similar  to  that  of  Figure  IB,  although  the  rotational  lines 
do  not  reveal  an  enhancement  due  to  double  resonant  multiphoton  processes  as  in  Figure  IB.  The 
spectrum  shown  in  Figure  4  corresponds  to  the  -  XTI  (0,3)  band  of  NO  that  results  from  the 
photofragmentation  of  NO2.  Following  the  two-photon  photofragmentation  of  NO2  at  wavelengths 
between  513  and  520  ran,  NO  with  u"  up  to  7  is  likely  to  be  produced  by: 

NO2  X^Ai  -  NO  X^n  (u"<7)  +  0('P),  (4) 
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since  the  threshold  for  this  channel  is  approximately  25,000  cm"*.  The  production  of  vibrationally 
excited  NO  by  this  channel  continues  with  decreasing  wavelength  up  to  the  point  where  the  absorbed 
two-photon  energy  is  sufficient  to  access  the  dissociation  channel  producing  NO(X^n)  +  0(*D), 
represented  by  equation  (2).  Because  of  the  lower  energy  carried  away  by  the  0(^P)  atom  fragment, 
the  NO  fragment’s  vibrational  distribution  for  the  channel  represented  by  equation  (4)  is  more 
energetic  than  the  distribution  for  the  channel  represented  by  equation  (2).  Consequently,  the 
detection  of  higher  vibrational  levels  in  the  NO  X^II  state  is  possible. 

As  there  is  minimal  vibrational  excitation  of  NO  at  ambient  temperatures,  the  production  and 
detection  of  highly  vibrationally  excited  NO  (o"  ^  3)  can  theoretically  be  used  to  measure  NO2  while 
discriminating  against  NO.  Although  521  nm  is  close  to  the  direct  four-photon  multiphoton 
ionization  wavelength  for  NO,  direct  multiphoton  ionization  of  NO  is  unlikely,  especially  at  the  laser 
energies  utilized  (approximately  1  mJ).  A  spectral  scan  of  NO  from  513  to  521  nm  produced 
negligible  ion  signals  and  did  not  show  any  of  the  A^S*  -  X^II  (0,3)  features  seen  in  Figure  4. 

3.2  Rotational  Analysis.  Discrimination  of  NO  and  NOj  based  on  rotational  temperature  was 
also  investigated.  For  a  system  described  by  a  Boltzmann  distribution,  the  ion  signal  in  an  optically 
thin  region  can  be  expressed  as  [20, 21]: 

^ion  ^  ^  f  /kT  dv,  (5) 

where  F  is  a  scaling  factor  that  includes  system  response,  1^  ^  (vj  is  the  laser  frequency  profile  with 
intensity  I  centered  at  v^,  h  is  Planck’s  constant,  c  is  the  speed  of  light,  N^  is  the  total  NO(X^n) 
population,  Q(T)  is  the  partition  function,  Sj  is  the  line  strength  for  the  jth  transition,  Pj  is  the  Voigt 
transition  lineshape,  gj  is  the  degeneracy  of  the  jth  sublevel  and  Ej  its  energy,  k  is  the  Boltzmann 
constant;  and  T  is  the  temperature.  I(Vo)  was  evaluated  by  numerical  integration  over  v.  The  limits 
of  integration  were  chosen  to  include  more  than  99%  of  the  laser  profile. 

The  REMPI  spectrum  is  generated  by  evaluating  equation  (5)  for  each  (v)  value.  The  calculated 
spectrum  is  then  fit  to  the  observed  spectrum  using  a  multiparameter  least-squares-fitting  routine. 
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Figure  4.  REMPI  Spectrum  of  Fragment  NO  From  NO2  in  the  513-521-nm  Region  Recorded  at  100  Ton*.  The  Features 
Correspond  to  Rotational  Lines  of  the  NO  -  X^II  (0,3)  Band. 


Parameters  include  laser  line  shape,  temperature,  absolute  and  relative  frequency  values  for  the  data, 
and  parameters  associated  with  experimental  conditions.  Doppler  and  collisional  broadening  are  also 
accounted  by  the  fitting  routine.  The  standard  deviation  of  each  parameter,  as  statistically 
determined  from  the  fit,  is  obtained  from  the  computed  variance/covariance  matrix  once  convergence 
is  achieved. 


The  O22  +  P12  branch  of  the  NO  -  X^II  (0,0)  band  was  chosen  for  spectral  analysis  because 
it  does  not  contain  any  (2+1+1)  double  resonance-enhanced  rotational  lines.  These  lines  complicate 
the  spectrum  and  make  spectral  analysis  difficult  since  their  transition  probabilities  are  not  known. 
The  computer  program  utilized  two-photon  NO  -  X^II  (0,0)  transition  probabilities  obtained 
from  a  paper  published  by  Halpem,  Zacharias,  and  Wallenstein  [22]  and  rotational  energies 
generated  using  spectroscopic  constants  reported  in  Herzberg  [23].  The  line  strengths  associated 
with  nonresonant  continuum  transitions  from  the  A^S*  were  assumed  to  be  equal,  similar  as  in  (1  +1) 
NO  REMPI  [24].  To  test  the  program  and  verify  our  assumption,  a  REMPI  spectrum  of  room 
temperature  NO  (0. 1%  in  N2)  at  100  Torr  was  simulated  using  a  Gaussian  function  for  the  laser  line 
shape.  The  observed  and  calculated  spectra  are  shown  in  Figure  5A.  The  best  fit  of  the  observed 
data  yields  a  rotational  temperature  of  290  K  ±10  K.  Rotational  analysis  of  fragment  NO  generated 
from  the  photolysis  of  NO2  yields  a  temperature  of  500  K  ±100  K,  suggesting  that  thermal 
equilibration  has  not  been  established  at  100  Torr.  By  comparing  simulation  spectra  with 
experimental  spectra,  Morrison  and  Grant  [13]  measured  a  temperature  of 900  K  ±1 00  K  for  nascent 
NO  in  a  collisionless  dissociation  of  NOj  at  453  nm.  Our  value  is  consistent  with  the  reported  value 
since  collisions  help  thermalize  the  nascent  NO  rotational  distribution,  thus  lowering  the 
temperature.  For  our  experimental  conditions,  NO2  experiences  approximately  10  collisions  with 
the  buffer  gas  within  the  laser  pulse  duration.  The  differences  in  the  rotational  populations  that  are 
observed  for  ambient  NO  and  fragment  NO  indicate  the  feasibility  of  spectroscopic  differentiation 
of  NO2  from  NO  by  the  laser  photofragmentation/fragment  ionization  approach. 

3.3  Analytical  Characterization.  It  is  evident  from  the  spectra  that  fragment  NO  generated 
from  NO2  exhibits  prominent  features  that  are  absent  in  the  ambient  NO  spectrum.  These  spectra 
suggest  that  the  sources  of  detected  NO  can  be  resolved  through  spectral  differences.  From  an 
inspection  of  the  (2+2)  REMPI  spectra,  several  wavelengths  have  been  identified  as  potentially 
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Figure  5.  Observed  (--)  and  Calculated  (-)  Spectra  of  the  O22  +  Pu  Branch  Near  454  nm  for  0.1  %  NO  in  Nj  (A)  and  Fragment  NO 
Generated  From  the  Photolysis  of  6  ppm  NO2  in  Air  (B)  at  100  Torr.  The  Simulations  Are  Best  Fit  of  the  Data  and  Yield 
Boltzmann  Rotational  Temperatures  of  290  K  ±10  K  for  Spectrum  A  and  500  K  ±100  K  for  Spectrum  B. 


useful  for  quantifying  NO^  (N0x=N0+N02)  and  also  for  resolving  the  contributions  of  these  two 
components.  Shown  in  Table  1  is  a  compilation  of  the  limits  of  detection  (LOD)  for  NO  and  NO2 
in  N2  at  449.2, 450.7, 452.6,  and  517.5  nm,  and  also  for  226-nm  excitation  [4].  Similar  results  were 
obtained  when  air  was  used  as  the  buffer  gas.  The  LODs  are  defined  as  the  concentration  that  yields 
a  signal  (at  the  indicated  wavelength)  equivalent  to  3a,  where  a  is  the  noise  that  is  defined  as  the 
standard  deviation  of  16  independent  measurements  of  the  signal  off  resonance  in  zero  air  [4].  In 
terms  of  the  LOD,  the  relative  sensitivity  is  seen  to  be  very  similar  at  449.2, 450.7,  and  452.6  nm  for 
NO2.  The  LOD  is  somewhat  higher  at  517.5  nm,  indicating  a  reduced  sensitivity.  Possible 
explanation  for  this  observation  include:  (1)  a  relatively  lower  two-photon  absorption  of  NOj  at  the 

517.5  nm  resulting  in  a  relatively  small  population  density  in  the  X^II  (u"  =  3);  (2)  smaller 
multiphoton  ionization  cross  sections  of  fragment  NO  at  5 1 7.5  nm;  and  (3)  different  channel  for  NO 
formation:  more  vibrational  levels  of  the  ground  state  manifold  are  accessible  (up  to  u"  =  7)  at 

517.6  nm  in  comparison  to  the  u"  =  0  and  1  levels,  which  can  be  accessed  at  449.2,  450.7,  or 

452.6  nm. 


Table  1.  NO  and  NO2  LODs  at  Various  Wavelengths 


Species 

449.2  nm 

450.7  nm 

452.6  nm 

517.5  nm 

226.3  nm  [4] 

NO 

n.d. 

25 

16 

n.d. 

1 

NO2 

25 

24 

15 

75 

22 

Notes:  n.d.  =  not  detected. 

All  concentrations  are  in  parts  per  billion  by  volume  (ppbv). 

It  is  interesting  to  compare  the  performance  of  the  PF/REMPI  method  when  performed  in  the 
ultraviolet  (UV)  at  226  nm  by  a  (1 +1)  REMPI  approach  and  in  the  visible  near  452  nm  by  a  (2+2) 
REMPI  approach.  As  seen  in  Table  1 ,  the  NO2  LOD  at  226  nm  is  nearly  identical  to  that  at  449.2, 
450.7,  and  452.6  nm.  Despite  this  apparent  similarity,  the  measured  sensitivities  and  noises  are 
significantly  different  in  these  two  spectral  regions.  The  normalized  sensitivity  for  NO2  on  our 
experimental  system  is  about  4  V/ppm  at  226  nm  [4],  while  at  visible  wavelengths  the  sensitivity 
ranges  from  0.80  V/ppm  at  449.2  and  450.7  nm  to  1.3  V/ppm  at  452.6  nm.  Furthermore,  the  noise 
of  the  background,  o,  is  a  factor  4  lower  in  the  visible  at  455  nm  (0.007  V)  than  in  the  UV  at  224  nm 
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(0.030  V),  even  despite  using  much  higher  laser  intensities  in  the  visible.  The  reduction  in 
sensitivity  that  occurs  at  452.6  nm,  which  is  expected  due  to  the  lower  multiphoton  absorption  cross 
section,  is  thus  offset  by  a  corresponding  reduction  in  background  noise.  It  is  interesting  to  note  that 
the  background  noise  measured  at  455  nm  (when  referred  to  the  amplifier  input)  corresponds  to  as 
few  as  400  electrons/laser  pulse  (or  about  4  pA  during  the  laser  pulse)  at  the  collection  electrodes. 

Relatively  higher  background  noise  in  the  UV  is  understandable  because  of  the  higher  cross 
section  for  nonresonant  multiphoton  ionization,  which  is  much  more  favorable  for  a  two-photon 
process  (in  the  UV)  as  opposed  to  a  three-,  four-,  or  even  five-photon  process  (in  the  visible).  For 
this  reason,  it  is  possible  to  use  higher  laser  intensities  in  the  visible  without  generating  the  same 
level  of  background.  Relatively  lower  background  contributions  in  the  visible  suggest  that  it  is 
possible  to  increase  the  PF/REMPI  sensitivity  by  increasing  the  laser  intensity,  perhaps  up  to  the 
point  of  optical  breakdown.  It  should  also  be  possible  to  increase  the  sensitivity  by  increasing  the 
focal  length  of  the  lens  used  to  focus  the  laser  in  order  to  extend  the  laser’s  effective  probe  region. 

Although  there  is  a  significant  difference  between  the  relative  sensitivities  of  NO  and  NO2  at 
226  nm  (roughly  1  order  of  magnitude),  the  relative  sensitivities  are  nearly  identical  at  452.6  and 
450.7  nm.  This  is  presumably  due  to  differences  in  the  photoffagmentation  efficiencies  in  the  two 
spectral  regions,  since  the  laser  intensity  in  the  visible  is  2-3  orders  of  magnitude  higher  than  in  the 
UV.  As  the  previous  studies  nominally  employed  10-p  J  pulse  energies,  high  photoffagmentation 
efficiencies  could  not  be  ensured  for  the  precursors  including  NO2.  By  ensuring  a  uniformly  high 
photoffagmentation  efficiency,  one  can  expect  that  the  PF/REMPI  approach  will  exhibit  a  more 
uniform  sensitivity  to  NO  and  NO2. 

As  discussed  previously,  there  are  two  wavelengths  (449.3  nm  and  517.5  nm)  at  which  NO2  can 
be  selectively  detected  (i.e.,  where  ambient  NO  has  negligible  sensitivity).  An  effective 
measurement  strategy  for  differentiating  NO  ffom  NO2  is  to  alternately  measure  the  ion  signal  at 
450.7  or  452.6  nm  to  determine  the  total  NO  and  NO2  content  of  the  sample  and  then  to  measure  the 
signal  at 449.2  or  5 1 7.5  nm  to  selectively  meastire  NO2  signals  that  produce  vibrationally  excited  NO 
photofragments.  The  difference  in  signals  yields  the  concentration  of  ambient  NO.  Two 
independent  measurements  (different  days)  of  laboratory  room  air  were  performed  at  450.7, 452.6, 
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and  449.2  nm.  The  449.2-nm  wavelength  was  used  for  measuring  the  NO2  concentration  instead  of 
the  517.5-nm  wavelength  because  it  was  more  sensitive  and  did  not  require  changing  the  laser  dye. 
With  the  use  of  sensitivities  at  449.2,  450.7,  and  452.6  nm  shown  in  Table  1,  [N02]/[N0,;]  ~ 
3/5  S449njn/S453nn,  =  S449nn,/S45i^,  where  S  is  the  ion  signal.  For  the  449.2-  and  452.6-nm  wavelength 
pair,  a  [N02]/[N0J  value  of  ~1  with  a  NO2  concentration  of 200  ppbv  was  obtained  for  day  1 ,  while 
a  [N02]/[N0J  value  of  ~0.65  with  a  NOj  concentration  of  145  ppbv  was  obtained  for  day  2.  Similar 
results  were  obtained  using  the  449.2-  and  450.7-nm  wavelength  pair.  The  results  show  that  there 
was  a  fair  amount  of  NO2  in  the  air  with  the  NO2  daily  average  concentration  of  170  ppbv.  While 
this  level  is  high  for  indoor  environments,  the  value  is  reasonable  considering  the  amount  of 
concentrated  NO  and  NO2  (»parts  per  million  by  volume  [ppmv]  level)  that  was  vented  into  the 
laboratory  exhaust  system,  trace  amounts  of  which  leaked  into  the  laboratory  air  during  the  course 
of  our  studies. 

4.  Summary/Conclusion 

An  investigation  of  the  NO  and  NO2  REMPI  spectra  reveals  that  these  two  species  can  be 
selectively  monitored  using  visible  radiation  and  a  simple  flow  cell  with  total  ion  collection.  Strong 
NO2  signals  due  to  vibrationally  excited  NO  photofragments  have  been  observed.  The  ion  signals 
are  due  to  NO  -  X^II  (1,1)  and  (0,3)  transitions  near  452  and  517  nm,  respectively.  At  these 
wavelengths,  the  sensitivity  of  room  temperature  NO  is  negligible.  The  presence  of  a  doubly 
resonant  feature  at  450.7  nm,  at  which  NO  and  NO2  exhibit  high  sensitivity,  has  also  been  identified. 
The  sensitivities  for  NO  and  NO2  in  the  region  450  nm  region  are  nearly  identical  with  LODs  in  the 
15-25-ppbv  range  and  compare  favorably  with  the  sensitivity  achieved  previously  for  NO2  at 
226  nm.  NO  and  NO2  are  also  discriminated  spectroscopically  based  on  rotational  temperature  of 
ambient  NO  and  fragment  NO  generated  from  the  photolysis  of  NO2.  Rotational  analysis  of  the 
Pj2  +  O22  branch  of  the  NO  A-X  (0,0)  band  reveals  that  the  rotational  temperature  of  fragment  NO 
is  nearly  200  K  higher  than  room  temperature  NO.  The  analytical  utility  of  the  approach  using 
vibrational  analysis  has  been  demonstrated  for  ambient  laboratory  air.  The  approach  allows  the  use 
of  a  simple  apparatus  and  offers  real-time  and  in  situ  monitoring  capabilities.  LODs  in  the  low  to 
sub-ppbv  are  projected  with  increased  laser  energy  and  improved  system  design. 
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